In soil environments the formation of simple coprecipitates formed by the interaction of two or more cations and/or anions are the rule and not the exception. In this review we describe the formation, the nature and the reactivity of coprecipitates formed by the interaction between cations (Fe, Al, Mg, Mn, Zn) with the formation of mixed oxides or layered double hydroxides (LDHs) and of coprecipitates formed by the interactions of inorganic and low molecular mass organic (LMMOLs) ligands with OH-Al and/or OH-Fe species both in the absence or presence of phyllosilicates. The presence of anions within these samples strongly affect the sorption of other ligands on the surfaces of the coprecipitates. Furthermore, the anions coprecipitated with Al and/or Fe hydrolytic products are only partially replaced even by ligands with strong affinity for the surfaces of the final samples, clearly because they are also incorporated into the network of the precipitates. We also describe the formation, surface properties and reactivity of binary complexes obtained by the interaction of hydrolytic products of Al and Fe with clay minerals and of ternary OH-Al(-Fe)-organics-phyllosilicates (organics included also large anions as tannate or proteins). The effect of the sequence of addition of the components of the final organomineral complexes influenced the physicochemical and mineralogical properties of the samples. Attention was also devoted to the stabilization of organic substances in organo-mineral coprecipitates and soils.
Introduction
Phyllosilicates, organic substances, microorganisms, carbonates, and variable charge minerals, whose charge varies with pH (including crystalline and noncrystalline Al, Fe, Mn and Ti oxides and short-range ordered aluminosilicates) as well as clay minerals coated by OH-Al (-Fe) species, are the major solid components of the soils (Sparks, 2003; Violante et al., 2008) . These components are constantly in close association with each other, forming organomineral complexes with peculiar chemical and physicochemical properties (shape, size, charge) and reactivity towards nutrients and pollutants (Violante, 2013) . To date scientific accomplishments in individual disciplines of the physics, chemistry and biology of soils are impressive, but studies on the interactions of soil minerals with organic substances and microorganisms were fragmentary and scattered in the literature of soil and environmental sciences. Only in the last decades the formation, physicochemical properties and reactivity of synthetic and natural simple coprecipitates or organomineral complexes received attention. According to Yuan and Theng (2013) "soil may be regarded as a complex bioorganomineral system where organic matter (humus), minerals, water, air, and microorganisms interact at scales ranging from nanometers to kilometers. The interaction between clay minerals and organic matter is of fundamental importance in stabilizing organic matter against decomposition by microorganisms ( Calabi-Floody et al., 2011; CalabiFloody et al., 2015; Kögel-Knabner and Amelung, 2014; Matus et al., 2014) .
The formation of relatively simple coprecipitates obtained by the interactions among cations and/or anions is of paramount importance in soils and related environments. For example, nanocoprecipitates may easily form by the interaction between cations (e.g. Fe, Al, Mn) forming mixed oxides or by coprecipitation of nutrients or pollutants, both in cationic and anionic forms, with OH-Al and/or OH-Fe species forming binary and ternary or more complex systems. In few words, some cations and anions may interact each other forming at certain pHs nanocoprecipitates of different mineralogy, surface properties and reactivity. These materials may exist as separate entities, but usually they are strongly associated to minerals, organic matter and organomineral complexes (Huang and Germida, 2002; Violante et al., 2008) .
Some coprecipitates may form on the surfaces of clay minerals, because for trace elements direct precipitation or coprecipitation from solution is unlikely for their low concentration in soil solution. Many studies have been carried out on the heterogeneous coprecipitation of trace elements on the external surfaces of minerals using modern spectroscopy techniques such as synchrotron-based x-ray absorption spectroscopy (Sparks, 2003; Borda and Sparks, 2008) . Reported observations include zinc precipitates on calcite, cobalt precipitates on Al 2 O 3 , polynuclear chromium (III) hydroxide structures on silica and goethite, and the formation of mixed nickel-aluminum hydroxides on pyrophyllite. More information on these studies were reported by Borda and Sparks (2008) .
In our laboratory researches have been carried out on the formation and nature of synthetic coprecipitates which may form in natural environments. In this review we summarize most of the findings of our studies on the formation, nature and reactivity of some important and relatively simple coprecipitates formed by (i) the interaction between cations Fe, Al, Mg, Mn, Zn [with the formation of e.g. mixed Fe-Al copolymers or oxides and layered double hydroxides (LDHs)], and (ii) by the coprecipitation of anions [(e.g. organic ligands, phosphate (P), sulfate (S), arsenate As(V), arsenite As(III)] with hydrolytic products of Al or Fe Formation, properties and reactivity of coprecipitates and organomineral ions both in the absence (binary systems) or presence (ternary systems) of clay minerals. Special attention is given to the interaction between inorganic and organic soil components with the formation of more complex coprecipitates and on their chemical, physicochemical, mineralogical properties and reactivity. This review also aims to provide information on the current state of knowledge reported in the literature on these important topics.
Formation, nature and reactivity of simple copre-
cipitates (binary systems)
Coprecipitation of cations and anions occurs easily in natural systems. Iron or Al may precipitate alone forming many Fe-or Al-oxides of different crystallinity, mineralogy, surface properties and reactivity (Cornell and Schwertmann, 1996) , but they may also coprecipitate each other, in the absence or presence of organic ligands, forming mixed Fe-Al oxides. Iron(III) and Al may also coprecipitate with other bivalent cations such as Mg, Fe(II), Zn, Cu forming mixed oxides, such as layered double oxides (LDHs) (Caporale et al., 2011; Caporale and Violante, 2016; Pigna et al., 2016) .
In soils, the coprecipitates obtained by the interaction between inorganic (nutrients and pollutants) and or- 
Mixed Fe-Al coprecipitates
The interaction between Fe and Al in the crystallization process of Fe-oxides has been reported in detail (Cornell and Schwertmann, 1996) . Many studies have Fe oxides was not evident at R ≥ 1 even after 32-120 days at 50 °C (Colombo and Violante, 1996) . Violante et al. (1998) found that samples formed at pH values ranging from 4.0 to 10.0 and R of 1 or 2.5 showed considerable differences in the mineralogy of the precipitates after 60 days at 50 °C. The samples formed at R=1 contained ferrihydrite at pH 4.0, ferrihydrite+gibbsite at pH 5.0-7.0, and hematite + Al(OH)3 polymorphs + ferrihydrite at pH 9.0-10.0. The coprecipitates formed at R=2.5 had greater quantities of ferrihydrite. In fact, large amounts of Al+Fe (25-85%) were solubilized from these samples by ammonium oxalate. Citrate added initially to Fe-Al solutions (citrate/ Fe+Al=0.1 and Fe/Al=1; ternary complexes) completely inhibited the formation of crystals at pH 5 or 8.5 even after 135 days at 50 °C (Violante et al., 1998 Figure 3 ). It can be seen from the data reported in Violante et al., 2003) and therefore reactivity toward cations and anions. Furthermore, the sorption capacity of an oxide is a function of its crystallinity, particle size and specific surface, as well as elemental composition (Colombo and Jackson, 1998; Violante and Pigna, 2002) . Long term laboratory studies have demonstrated that P sorption onto noncrystalline FeAl mixed hydroxides decreased with increasing Fe/ Al molar ratio whereas that of As(V) increased. The sorption of P and As(V) was largely controlled by Fe and was more sensitive to pH change between 4.0 and 9.0 than pure Fe or Al hydroxides (Violante, unpublished data) . Recently, Lu et al. (2013) Finally, Violante and Pigna (2002) and Violante et al. (2005) studied the competitiveness between P and As(V) when added as a mixture onto the mixed Fe-Al oxides aged 7 days at 20 °C. In spite of the fact that and groundwaters (Wang et al., 2010 As for other sorbents, such as Al-and Fe-oxides, Fe-Al mixed oxides (as discussed before), competitive sorption of P and As(V) or As(III) onto different LDHs, both in the absence or presence of foreign ligands has been considered in the last decade (Goh et al., 2008) . For instance, Violante et al. (2009a) studied the sorption of As(V) on uncalcined and calcined (at 450 °C) Mg-Al layered double hydroxides (LDHs)
containing chloride (LDH-Cl) or carbonate (LDH-CO3) in the absence or presence of P. These authors found that more P than As(V) was removed by all the minerals but calcined LDH-Cl sorbed much lower amounts of both the anions than uncalcined LDH-Cl;
on the contrary, calcined LDH-CO3 showed a much greater capacity to sorb As(V) and P than uncalcined LDH-CO3. XRD diffractograms showed that As(V) was included into the interlayers of uncalcined LDHCl, but not in those of uncalcined LDH-CO3. Competition in sorption between As(V) and P was affected by pH, reaction time, surface coverage and sequence of addition of the anions. Phosphate showed a greater affinity for LDHs than As(V).
More recently, Caporale et al. (2011; 2013) studied the As(III) and As(V) removal capacity of Fe-based layered double hydroxides (i.e., Mg-Fe-LDH), at varying pHs, in presence of some LMMOLs (i.e., citrate, oxalate and tartrate) and inorganic anions (i.e., nitrate, nitrite, phosphate, selenite and sulfate). These authors found that Mg-Fe-LDH was able to sorb a much higher amount of As(V) than As(III), as well as they observed that the sorption of the former ion was much more pH-dependent than the latter. This behavior might be related to the chemical properties of these two As species in solution at pH < 9 (H2AsO4 -and HAsO4 2-ions vs. the uncharged H3AsO3 0 ). They also noted that selected LMMOLs and inorganic ligands differently prevented the As(III) and As(V) sorption Violante et al.
on Mg-Fe-LDH; greater percentages of As(III) than As(V) were replaced by the competing ligands, except P. To describe the latter observation, Caporale et al. (2013) hypothesized that, when P was added to the LDH on which As(V) was previously sorbed, it competed with As(V) for common sites. Vice versa, since As(III) did not occupy all the sites occupied by
As(V), P could be initially sorbed on empty sites easily accessible and only later P competed with As(III) for common sites.
Recently, Pigna et al. (2016) it showed a higher affinity for As(III).
Coprecipitates of organic anions with hydrolytic products of Al and Fe
Many studies have been carried out on the formation, surface properties, mineralogy and reactivity of coprecipitates formed by the interaction of low molecular mass organic ligands (LMMOLs; e.g., oxalate, tartrate, citrate and tannate) with Al and/ or Fe hydrolytic products (Violante et al., 2003; 2007; Violante, 2013 Acetate < glutarate < succinate = phthalate < glycine < tricarballilate < malonate < acetylacetone < glutamate < aspartate < oxalate < salicylate = malate < tannate < citrate < tartrate. Table   2 ). The quantities of P sorbed on the hydroxyl-Aloxalate coprecipitates were related either to the amount of oxalate coprecipitated with Al or to the specific surface. In fact, it was found that the greater the oxalate content in the precipitates, the higher were the specific surface and reactivity of the solids.
Phosphate sorption on the hydroxyl-Al-oxalate precipitates that contained greater amounts of oxalate Violante et al.
[Al(OH)OX5] remained nearly constant in the range of pH 4.0-8.0, probably due to the release of oxalate from the surfaces of the samples with increasing pH and formation of new sorption sites (Table 2 ).These authors also showed that relatively high amounts of oxalate were released from the hydroxyl-Al-oxalate precipitates by P, and, of course, much more from the complexes containing higher amounts of oxalate (Table 2) . At alkaline pHs, much greater percentage of oxalate, relative to the total content of oxalate coprecipitated with Al in the solids, was released from and references there in). Violante et al. (1996) studied the sorption of P and oxalate on a synthetic Al-hydroxy-sulfate coprecipitate and the associated release of S from the complex. The sample was noncrystalline to XRD and contained 1.35 mol S, 11.9 mol Al and only 21 mmol K per kg of the precipitate ( Figure 5 ). Much more P than oxalate was sorbed, but in most cases oxalate caused LMMOLs on a Al(OH)x-P complex formed by coprecipitating at pH 8.2 P in the presence of Al (P/Al molar ratio 0.1). This noncrystalline sample showed a surface area of 350 m2/g and 850 mmol/kg of P. More P than oxalate, succinate, malate was sorbed on this sample, indicating that many other sites were free and specific for P. Surprisingly, the LMMOLs were able to remove only negligible quantities of P. These findings appear to be in contrast with the results obtained by many authors (Jara et al., 2006; Violante, 2013 ) that strong chelating ligands [oxalate, citrate, malate, arsenate] when added on variable charge minerals after P, partially reduced P sorption particularly in acidic environments. These findings deserve an explanation. Indeed, P ions coprecipitated with Al could be present in the structural network of the sample. Consequently, many P ions could be more protected and not easily replaced. Furthermore, P anions sorbed onto the external surfaces of the oxide may be occluded because of aggregation of the aluminous particles after drying and, mainly, may decrease the surface charge of the oxide preventing the sorption of foreign anions. Finally, P anions initially coprecipitated may form with time stronger inner-sphere complexes or new precipitates also on the external surfaces, resulting less mobile (Sparks, 2003; Borda and Sparks, 2008; Violante, 2013) .
In soil environments also toxic elements in anionic forms (e.g. arsenic, antimony, molibdate) may be coprecipitated with hydrolytic species of Al and Fe.
Some studies were carried out by Violante and coworkers on coprecipitates obtained by precipitating As(V) with Al and/or Fe. Violante et al. (2006 Violante et al. ( , 2007 Violante et al. ( , 2009b evidenced that the mineralogy, the surface properties and chemical composition of the AlAs(V) or Fe-As(V) coprecipitates were affected by the initial pH, initial As/Al (Fe) molar ratio (R) and aging. These authors demonstrated that less As(V) was replaced by P from As(V) iron and/or aluminum coprecipitates than from previously formed iron and/ or aluminum oxides on which As(V) was sorbed.
XPS analyses performed on the samples formed at R = 0.1 and pH 7.0 obtained by coprecipitating Fe and As(V) (7FeR0.1) by adding As(V) immediately after the precipitation of Fe (7FeAR0.1), before and after the addition of P evidenced that P removed more arsenic (~ 25%) from the surfaces of the sample where
As was added (7FeAR0.1), compared to the sample where As(V) was coprecipitated with Fe (~5% As(V) removed; 7FeR0.1).
Low amounts of As(V) coprecipitated with aluminum and/or iron oxides at pH 7.0 were removed by P (5-25 %), attributed to the formation of strong inner-sphere complexes, metal-As(V) precipitates, and partial occlusion of As(V) into the coprecipitates. A comparison of the desorption of As(V) by P from Al-As(V), Fe-As(V), and Fe-Al-As(V) coprecipitates evidenced that P desorbed more As(V) from Al-As(V), 
properties and reactivity of coprecipitates and organomineral
The findings obtained by Zanzo et al. (2017) The influence of complexing ligands on Al interlayer formation and stability has also received attention, as discussed below (Violante et al., 1998) . surfaces and any steric hindrance that may be present. Goh and Huang (1986) demonstrated that at citrate or tannate/Al molar ratio < 0.1, the formation of well oriented OH-Al complexes in montmorillonite was not Formation, properties and reactivity of coprecipitates and organomineral prevented. Only at citric acid/Al molar ratio higher than 0.3 the sorption of Al was drastically reduced or prevented.
As reported before, the presence of organic ligands strongly stabilizes the formation of Al(OH)x polymorphs even in alkaline solutions. Violante et al. (1993; 1999) demonstrated that in the absence of montmorillonite noncrystalline materials were found after 7-10 years of aging in samples formed in the presence of tartrate, citrate, and tannate at pH ≤ 8.0
and at ligand/Al molar ratio (R) ranging from 0.05 to 01; these noncrystalline coprecipitates were found in the presence of malate and P at R from 0.1 to 0.5.
Very poorly crystalline and strongly distorted Al-oxyhydroxides (particle size < 1000 nm) were found in suspension within a wide range of pH (6.0-11.0) in the presence of tannate, malate, salicylate even after more than 20 years (Violante, unpublished data) . In Their distribution on the external surface and in the interlayer space of montmorillonite was a consequence of how the components reacted each other (Buondonno et al., 1989) . The organo-mineral complexes showed broad peaks ranging from 1.560 nm when montmorillonite (M), OH-Al (A) and tannic acid (T) were mixed together (AMT), to 1.920 when OH-Al species were added to a mixture of montmorillonite and tannic acid (A+MT). The organomineral complexes showed different behavior to preheating, ethylene glycol salvation and chemical treatment.
These authors also showed distinct differences in cation exchange capacity (CEC), carbon content, extractable Al and mode of aggregation (Figure 7 ).
Later, Buondonno and Violante (1991) also demonstrated that the titratable acidity values of OH-Altannate-montmorillonite complexes formed at pH 4.5 were affected by 1) the addition sequence of the components, 2) the feed rate of the base and the absence or presence of neutral salts (acidity values in CaCl2 substantially higher than those determined in KCl or water), 3) the drying of the samples (freezedried or air-dried), 4) the sonification ( showed titratable acidity lower than that of the same freeze-dried complexes before sonification (Table   3) . Clearly, the different nature and distribution of the OH-Al-tannate ions promoted different aggregation of the particles after drying. Formation, properties and reactivity of coprecipitates and organomineral
The stability and strength of the aggregates drastically inhibited a complete neutralization reaction of the acidic sites. In other words, the stronger the aggregation of the particles, the lower the titrable acidity value. Indeed, electron optical observation showed that all the freeze-dried complexes were characterized by different morphology, state of aggregation, surface area and porosity (Table 3 ; Figure 7 ). The AT + M and A + MT complexes, which showed after drying the lowest titratable acidity values (Table 3) , appeared to be more aggregated than the complexes AMT and MT + A) (Figure 7 ), which showed higher titratable acidity values ( Violante and Gianfreda, 2000) .
The interaction among clay minerals, metal oxides and microorganisms also received great attention.
A = hydroxyl-Al ions; T = tannic acid; M = montmorillonite; The samples were prepared by different sequence of addition of these three components. , which was half the quantity that was lost from the Inceptisol. The OM seems to be also protected from microbial attack by entraptment within nanopores of allophanic aggregates.
The role of nanoclays in C stabilization in Andisols and Cambisols has been studied by Calabi-Floody et al. (2011; . Recently the factors affecting the soil C stabilization in Andisols has been reviewed by (Table 4) . A substantial proportion of C still remained in the Al precipitation products after treatments.
*Average error 2.8%. 
